In this study we analyze and compare the trends in codon usage in five representative species of kinetoplastid protozoans (Crithidia fasciculata, Leishmania donovani, L. major, Trypanosoma cruzi and T. brucei), with the purpose of investigating the processes underlying these trends. A principal component analysis shows that the G + C content at the third codon position represents the main source of codon-usage variation, both within species (among genes) and among species. The non-Trypanosoma species exhibit narrow distributions in codon usage, while both Trypanosoma species present large within-species heterogeneity.
Introduction
It has been well-established in all organisms so far analyzed that synonymous codons are not randomly used (e.g., see Grantham et al. 1980; Wada et al. 1990 ). Biased codon usage may result from a diversity of factors. It has been suggested that translational efficiency (translational selection) affects codon bias in highly expressed genes (Gouy and Gautier 1982) . In line with this, it has been shown that the preferred codons in highly expressed genes of Escherichia coli (Ikemura 198 1) and Saccharomyces cerevisiae ( Bennetzen and Hall 1982; Ikemura 1982 ) are recognized by the most abundant tRNAs. Mutational biases may affect codon usage in genes expressed at low levels, since these are less constrained by translational pressures (Sharp and .Li 1986; Shields and Sharp 1987 ) . A large within-species heterogeneity in co-and attributed to the opposite effects of translational selection and mutational biases (Sharp and Devine 1989) .
In this paper we address the evolution of codon usage in kinetoplastids, a group of parasitic Protozoa that comprises a large number of species. Two forms of host-protozoan relationships are known: monogenetic kinetoplastids, which have a single invertebrate host, and digenetic kinetoplastids, which are parasitic of two hosts, usually a vertebrate and an invertebrate.
The former group comprises four genera: Crithidia, Leptomonas, Herpetomonas, and Blastochritidia, whereas digenetic species belong to two genera: Leishmania and Trypanosoma. Phylogenetic analysis based on sequence, biochemical, morphological, and life-cycle data (Lake et al. 1988) has postulated that digenetic species have arisen from a monogenetic ancestor.
Previous studies of codon usage in T. brucei have shown that this species presents a great heterogeneity of codon preferences among different kinds of genes (Michels 1986; Parsons et al. 199 1) . Other studies (Langford et al. 1992) have revealed that Leishmania species presents a high preference for C-and G-ending codons. Alonso et al. ( 1992) ) comparing total codon frequencies, found that C. fasciculata and Leishmania
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Downloaded from https://academic.oup.com/mbe/article-abstract/11/5/790/1008717 by guest on 26 April 2019 species exhibit very similar codon usage, whereas 7' . cruzi shares some codon patterns with Crithidia and Leishmania but in general is more closely related to T. brucei. The aim of this work is to characterize and compare codon-usage trends in different kinetoplastid species, as well as to analyze these trends from an evolutionary standpoint. For this purpose, we have chosen five species of this family (C. fasciculata, L. major, L. donovani, T. brucei, and T. cruzi) that are representative of monogenetic and digenetic kinetoplastids and for which a substantial amount of sequence data is available.
Material and Methods

Sequences
The sequences used in this work (listed in table 1) were obtained from GenBank Release 76.0 (April 1993) and from new entries up to 1 June 1993. They comprise 84 sequences from Trypanosoma brucei (41,169 codons) , 47 from T. cruzi (22,740 codons), 12 from Crithidia fasciculata (5,6 18 codons), 13 from Leishmania major (4,622 codons), and 2 1 from L. donovani ( 10,859 codons). It should be noted that two sequences from L. infantum (X680 15 and X680 16) and three from L. chagasi (M32807, S53127, and L15559) were included in the L. donovani sample because these three Leishmania species have little if any genetic differences (van Eys et al. 1989 ).
Codon-Usage Data
To minimize sampling errors, only those sequences that are more than 100 codons in length were taken into account for codon-frequency computing. An exception to this rule was allowed with T. cruzi tubulin gene, because information about its sequence is available in more than one species and therefore it is useful for comparative studies. Trp, Met, and termination codons were excluded from both codon-usage analysis and the calculation of G + C content at the third codon position (GC3 ) , since Trp and Met codons are not degenerate and termination codons appear only once in each gene.
Analysis
In order to get a general picture of the trends in codon usage of the group, a principal component analysis ( PCA) was performed. This analysis was carried out on the covariance matrix, which was calculated using codon frequencies as variables and genes as observations. For the analysis of variance and multiple comparisons, frequency data were subjected to the angular transformation (arcsin 6).
Results and Discussion
Codon Usage
The positions of the 177 genes analyzed in the two first principal components are shown in figure 1. The first principal component (horizontal axis) explains 45.5% of total variation. This component is highly correlated with G + C content at the third codon position (r = 0.978; P = 0.0). Therefore, the genes falling to the right in figure 1 present a higher GC3 content than do those located toward the left. Very similar results (first principal variable highly correlated with GC3) are obtained if the same analysis is performed separately for each species (data not shown). Thus, G + C content at silent sites represents the main source of codon-usage variation, both within species (among genes) and among species.
The distributions of Trypanosoma brucei and T. cruzi are widely spread on the horizontal axis. Nevertheless, two differences can be appreciated between the two species: (a) In T. brucei the distribution is rather oblique to the horizontal axis. This is in agreement with the PCA results obtained when the analysis is performed only with T. brucei genes, where the first principal variable is less correlated with GC3 ( r = 0.9 18). This may indicate that in T. brucei the major trend differentiating codon-usage preferences among genes is mainly but not exclusively due to GC3 variation. (b) In T. brucei the whole distribution is shifted toward A + T richness. It is worth noting that homologous genes of these two Trypanosoma species occupy similar positions relative to the overall distribution of their respective species. For example, genes coding for calmodulin, ubiquitin, Hsp70, Hsp83, glycosomal glyceraldehyde-phosphate-dehydrogenase (gGAPDH ), major paraflagellar rod protein, and tubulin genes are placed to the rightmost (G + C richness) part of T. cruzi and T. brucei distributions, whereas topoisomerase II and tripanothione reductase genes are situated near the middle of the distributions in both species. Thus each T. cruzi gene is richer in GC3 content than is its T. brucei homologue (Table 1) .
In contrast to those of T. cruzi and T. brucei, the distributions of Crithidia fasciculata, Leishmania major and L. donovani are relatively narrow around high G + C values at third codon positions. Even if the number of genes analyzed in these species is rather small, genes falling on opposite ends in T. brucei (such as those coding for Hsp70 and ornithine descarboxylase) lie very close in L. donovani. This strongly suggests that the distributions of these nontrypanosome species are indeed narrow and not caused by the rather low number of genes considered.
To investigate the trend in codon usage along the first principal component, we divided the range of variation of T. cruzi and T. brucei into three equal parts (in width) and then tabulated the codon usage of each part separately. The results are presented in table 2, along with the codon usage of C. fasciculata, L. donovani, and In the right part of the distributions in both 7' . cruzi and T. brucei (TC 1 and TB 1) all twofold-degenerate codons prefer C or G as their ending base. This preference decreases toward the left part of the distribution. In fact, the preference is almost always inverted, giving rise to a preference for U-or A-ending codons.
b) In the groups of fourfold-degenerate codons of both TCl and TBl, the preferred codon is always a Gor a C-ending one (excepting glycine in T. brucei). This preference for C-and G-ending codons decreases toward the left part of the distribution in both Trypanosoma species, where U-and A-ending ones appear to be preferred in TC3 and TB3 (excepting valine in both speties) .
c) The nontrypanosome species have a highly biased codon usage, where C-and G-ending codons are by far preferred. These three species have very similar codon usages. This similitude in codon usage is not only the result of the G + C richness at the third-codon position that these species exhibit, since the order of codon preference for a given fourfold-degenerate codon group is the same in the three non-Trypsanosoma species (excepting glycine, whose order is C > G = U > A in C. fasciculata and C > U > G > A in both Leishmania species; also, there are swappings among the minor codons of threonine and alanine).
d) The GC3-rich group of T. cruzi (TCl ) has codon-usage preferences very similar to those of non-Trypanosoma species. As it occurs between leishmanias and C. fasciculata, the similarities are not restricted to twofold-degenerate codons. In all fourfold-degenerate codons the order of preference is identical or very similar to that of Leishmania species and C. fasciculata. e) In T. brucei, the GC3-rich group (TB 1) presents a codon usage similar to that of leishmanias and C. Fasciculata. Nevertheless, the similarity is not as strong as in T. cruzi. Again, the resemblance is not only the result of GC3 richness, since it is not restricted to twofolddegenerate codons. In threonine, leucine, and isoleucine codon groups, the order of codon preferences is the same as in nontrypanosomes. In arginine and valine codons, the preferred codon is the same as in nontrypanosomes, while in the remaining codon groups (glycine, alanine, i Third segment taken from T. brucei. j Proposed optimal codon for T. cruzi.
k Proposed optimal codon for T. brucci.
serine, and proline) the codon that occupied the second position in nontrypanosomes is the preferred one in TB 1. Another noteworthy feature of TBl is that it exhibits lower codon biases (and thus lower GC3 content) than do both nontrypanosomes and TC 1. This is in keeping with the previously mentioned point that each T. cruzi gene presents a higher GC3 content than does its respective homologue in T. brucei. In order to make these similarities more evident, we performed a clustering of codon-usage frequencies in table 2. The results are shown in figure 2. The codonusage preferences shared by C. fasciculata, L. major, L. donovani, and by some genes of T. cruzi and T. brucei may be considered as the ancestral ones in the five species analyzed, because the opposite hypothesis implies that they appeared several times in the evolution of this group of species. This conclusion about ancestry of codon usage can be further extended to all kinetoplastids, since C. fasciculata diverged from the remaining species very early in the evolution of kinetoplastids (Lake et al. 1988 ). As we shall discuss later, the Trypanosoma genes that have this ancestral-codon usage are those that are highly expressed. It should be noted that in a previous work ) the authors were ' unable to detect these similarities between trypanosomes and nontrypanosomes, because they did not consider intraspecific variation in codon usage.
Variations in G + C Content and Mutational Biases
The G + C content in the three codon positions of the species analyzed are shown in table 3. C. fasciculata and leishmanias do not display significant differences in any codon position. In addition, the three species present G + C values higher than those of trypanosomes, in the three codon positions. However, the differences with T. cruzi are not significant in first and second codon positions. The second codon position is the least variable, displaying the smallest F value; also, the multiple comparisons were unable to detect significant differences in this codon position.
To study what kind of directional mutation pressures operate in these kinetoplastid species, we analyzed base contents at flanking regions. Since these noncoding sequences are under comparatively little selectional * Significant at P = 0.0 1. ** Significant at P = 0.00 1. *** Significant at P = 0.000 1.
constraints (Miyata et al. 1980) ) their base compositions are informative about mutational biases.
The G + C values of both flanking regions (5' and 3' pooled) display significant differences among these hemoflagellates, where those of L. major, L. donovani, and C. fasciculata are significantly greater than those of the Trypanosoma species (table 3) . This behavior indicates that Trypanosoma species exhibit mutational biases toward A + T, while the Leishmania species exhibit mutational pressures in the opposite direction. In the case of C. fasciculata it can be said that it has a small G + C bias, or at least that it lacks A + T bias.
The data presented herein give some clues about ancestry of mutational biases in the kinetoplastids. Considering that C. fasciculata branched before the divergence between leishmanias and trypanosomes (Lake et al. 1988) ) the most parsimonious explanation is that the bias toward A + T is a derived character that appeared exclusively in the lineage that gave origin to trypanosomes. Conversely, if A + T bias is considered an ancestral character, it must be assumed that this bias was lost independently in two lineages; i.e., in the one from which Crithidia emerged and in leishmanias. Furthermore, A + T bias is a character that seems to have emerged prior to the branching between T. cruzi and T. brucei, since the character is shared by both Trypanosoma species.
Relationships between Gene Expression and CodonUsage Biases
Although the level of expression is not known for all the genes analyzed here, a general view can be ob-
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tamed from the comparison of genes, expressed at low and high levels, for which information is available. We suspected that GC3 content and, hence, the first principal component discriminate the level of gene expression in trypanosomes, since in a previous report it has been shown that the highly expressed genes of T. brucei contain a higher G + C content in third codon position than do those that are expressed at lower levels (Parson et al. 199 1) . Our results are in agreement with this suspicion, since in T. brucei most genes situated in the G + C-rich part of its distribution have been reported to be highly expressed. For example, genes coding for heat-shock proteins Hsp70, Hsp85, and Hsp83 (Mottram et al. 1989 ), a and p tubulins (Thomashow et al. 1983) , calmodulin (Tschudi and Ullu 1988) ) aldolase, and GAPDH (Misset et al. 1986) , which are located to the right (see fig. 1 and table 1 ), are highly expressed. The same appears to be true for T. cruzi, since Hsp70, Hsp83, p tubulin, calmodulin, and GAPDH are located in the right part of the T. cruzi distribution. Other T. cruzi genes encoding for abundant proteins such as major cysteine proteinase, major paraflagellar rod protein, and phosphoenolpyruvate carboxykinase (Campetella et al. 1992; S. Goldenberg, personal communication) are located in the same area.
By contrast, those genes that are expressed at low levels are situated toward the opposite end of the distribution. For example, it has been shown that genes coding for phospholipase-C (Carrington et al. 1989 ) , ornithine decarboxylase (Phillips et al. 1987) , ESAG-I (Son et al. 1989) , and the putative regulatory protein coded by ESAG 8 (Revelard et al. 1990 ) are lowly expressed in T. brucei and are among the most GC3-poor genes of this species. Similarly, in T. cruzi the putative calciumbinding proteins CUB2.8 and CUB2.65, which are expressed at low levels (Ajioka and Swindle 1993) , are located in the A + T-rich extreme of the distribution. The first principal component (highly correlated to G + C richness) thus appears to discriminate the level of gene expression in these Trypanosoma species.
The case of the T. brucei genes coding for the variable surface glycoproteins (VSGs) deserves special attention, since these genes are highly expressed in the bloodstream forms (Turner 1982 ) but do not contain a high GC3 content. Michels ( 1986) explained this lack of codon bias of VSG genes as resulting from the high evolutionary rate that these genes have. However, we think that this may be alternatively explained by taking into account the fact that each individual VSG gene is rarely expressed. Since there are hundreds of copies of different VSG genes that have to be rearranged to the only active site in order to be expressed (Pays et al. 1989) , each basic copy behaves most of the time as a silent open reading frame. This fact implies that any kind of translational selection affecting codon-usage biases would have little effect on these genes.
On the basis of the previous considerations, it can be said that those codons that exhibit a significantly higher frequency in TBl in relation to TB3 are the optimal ones of T. brucei, while those that present higher frequencies in TCl than in TC3 are optimal in T. cruzi. The proposed optimal codons for T. cruzi and T. brucei are indicated in table 2. This assignment of optimal codons is further supported by the comparisons of codon distributions between the known lowly and highly expressed genes of each species (in T. brucei, VSG genes were excluded).
We found that most of these proposed optimal codons are used at significantly higher levels (P < 0.05 in a 2 X 2 contingency table) in the highly expressed group than in the lowly expressed one (data not shown ) .
The situation appears to be quite different for the non-Trypanosoma species, where genes expressed at both high and low levels have similar codon-usage preferences. For example, in L. donovani, the genes coding for metalloproteinase (Gp63), Hsp70, and histone H2a proteins, which are highly expressed (Lepay et al. 1983; Button et al. 1989; Toye and Remold 1989; Soto et al. 1992) ) lie very close in the distribution to ornithine decarboxylase and to multidrug-resistance P-glycoprotein genes, which are expressed at very low levels (Hanson et al. 1992; Henderson et al. 1992) . Similarly, in C. fasciculata the gene coding for metalloproteinase (homologue to leishmania Gp63), which is expected to be highly expressed ( Inverso et al. 1993 ) , presents codon preferences similar to those of the dihydrofolate reductase-thymidylate synthase gene, which is expressed at very low levels (Hughes et al. 1989) . It should be noted, however, that even though in these non-Trypanosma species there exists not very much differentiation in codon usage between genes, in leishmanias the highly expressed genes present stronger codon biases than do the lower expressed ones. Comparing the codon distributions of L. donovani Hsp70, methalloprotease (Gp63), and histone H2a, versus ornithine descarboxylase and multidrug-resistance P-glycoprotein genes, we have found that UUC, CUG, AUC, CCG, AAC, AAG, GAC, GAG, CGC, and GGC are present at significantly higher frequencies in the former genes than in the latter ones. Furthermore, other codons are more frequently used in the highly expressed group (GUG, UCC, ACC, ACG, GCC, GCG, UAC, CAC, CAG, UGC, and AGC), but their values did not differ significantly (between lowly and highly expressed genes), probably because of the relatively small sample considered.
It is worth noting that those codons that present significantly higher frequencies in genes with high expression of Leishmania fall within the set of optimal codons of both Trypanosoma species indicated in table 2 (excepting CGC, which is optimal only in T. cruzi).
Evolutionary Trends in Codon Usage of Kinetoplastids
The fact that the preferred codons in the highly expressed genes (optimal codons) of T. cruzi (and, to a lesser extent, of T. brucei) are practically the same as those preferred by all C. fasciculata and Leishmania genes (several of these codons were also identified as optimal in Leishmania) indicates that the distributions of isoaccepting tRNAs have been conserved during the evolution of kinetoplastids. This fact, taken together with mutational biases, allows us to understand why trypanosomes have widely spread distributions of G + C in the third codon position, whereas the distributions of Crithidia and Leishmania are narrower. In these two latter genera, both translational selection and mutational biases pull toward the same direction, i.e., G + C richness. Thus, all genes (both those expressed at high levels and those expressed at low levels) will be G + C rich, giving rise to a narrow distribution.
The genome of the Trypanosoma ancestor probably was very similar to the present genomes of Crithidia and Leishmania, since, as was previously stated, A + T bias is very probably a derived character present only in the trypanosome lineage. The acquisition of A + T mutational pressure affected, to a variable extent, the different kinds of sequences. Those that are less constrained to vary, such as flanking regions and other noncoding sequences, became A + T rich. On the other hand, in coding sequences the shift toward A + T was dependent on the degree of selectional constraints. The second codon position is expected to be the less affected, since it is the most significant coding position because any change in it would result in an amino acid substitution.
The first codon position is less constrained than the second, since some changes are synonymous.
As we show in table 3, this corresponds to what can be observed in trypanosomes. The third codon position will vary in a way that is conditioned by translational selection. Those genes that are highly expressed will remain closer to the ancestral condition (G + C richness) than will those that are expressed at a lower level, because the latter are less affected by tRNAs abundances.
Again, this fits with what has been described in this work. According to our interpretation, each Trypanosoma gene would be in a GC3-content position that reflects the balance between two processes that act in opposite directions: mutation and selection (as reported in other species, such as Dictostelium discoideum [Sharp and Devine 19891) .
Conclusions
In this work we have shown that the preferred codons in the highly expressed genes of Trypanosoma cruzi (and, to a lesser extent, of T. brucei) are practically the same as those preferred by all Crithidia fasciculata and Leishmania genes. This emphatically suggests that the tRNA distributions have been conserved in kinetoplastids. Despite this lack of differentiation in relative tRNA abundances, kinetoplastids differ in their codon-usage distributions.
The non-Trypanosoma species exhibit relatively narrow codon distributions; in these species the differences between lowly and highly expressed genes are in the degree rather than in the direction of codon preferences. By contrast, in Trypanosoma species, lowly and highly expressed genes have almost opposite codon patterns. On the other hand, we have shown in this work that trypanosomes present mutational pressures toward A + T, while nontrypanosome species present mutational pressures in the opposite direction. This change in the direction of mutational biases appears to be underlying the codon-usage differences between trypanosomes and nontrypanosomes. Selectional constraints (translational selection) and directional mutational pressures (Sueoka 1988 (Sueoka , 1992 ) thus appear to be the main forces shaping the codon-choice patterns of kinetoplastids.
Changing codon usage without changing the tRNA distributions was proposed for other unicellular species, both prokaryotes and eukaryotes. For instance, Sharp ( 1990) showed that Escherichia coli and Serratia marcescens have similar codon choices in genes expressed at high levels, whereas dissimilar codon patterns are observed in genes expressed at low levels. Furthermore, the direction of the divergence in the genes with low expression is consistent with the direction of the divergence in the whole genomic G + C content, suggesting that differences in the mutation biases of each genome are actually driving the divergence. Another interesting case of codon-usage differentiation is that between Saccharomyces cerevisiae and Candida albicans (Lloyd and Sharp 1992) . In these yeast species, the optimal codons appear to be the same, but when homologous genes are compared, a consistent difference (toward a higher silent A + T content) can be observed in C. albicans genes. Despite the fact that C. albicans exhibits an overall higher A + T content (which may be interpreted as A + T pressure), the magnitude of the silent A + T difference is small in highly expressed genes but very variable in genes with low expression.
An interesting point regarding the large within-species heterogeneity of trypanosomes is that most silent mutations in the highly expressed genes (that are from G/C to A/T) are expected to be slightly deleterious. This means that Trypanosoma populations have a considerable mutational genetic load. Shields ( 1990) has postulated that such situations are unstable and that their long-term fate is a shift in codon preferences (here, from G/C-ending to A/T-ending codons). However, it is not clear how transient (in amount of time) these putative unstable states are. In trypanosomes this situation appears to be rather ancient, since mutational biases toward A + T arose prior to the divergence between T. cruzi and T. brucei, an event that occurred not before 80 Mya (Lake et al. 1988 ).
